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Abstract. It has been postulated that globular
clusters could be sources of Very-High Energy (VHE)
gamma rays, powered by milli-second pulsars. This
could be due to cumulative direct emission or to
plerion-type emission driven by colliding winds. In
particular the southern hemisphere globular cluster
47 Tuc has been singled out as a potential source
in both models. In light of the recent detection by
the Fermi Gamma-ray Space Telescope (FGST) of
47 Tuc, the first detection of any globular cluster
as a gamma-ray source, we present the results of
observations of northern hemisphere globular clus-
ters by VERITAS. Three globular clusters have been
observed: M15, M13 and M5. Of these, M15 and
M13 have been explicitly proposed as VHE gamma-
ray sources and M5 possess similarities with them.
Keywords: Gamma-ray observations, globular clus-
ters, milli-second pulsars.
I. INTRODUCTION
Globular clusters are ancient, dense clusters of stars
for which the central stellar density can exceed that
of the solar neighborhood by a factor of 500. It has
been proposed [2] that such dense stellar environments
may directly lead to the formation of large numbers
of millisecond radio pulsars (MSPs); the latter a result
of spinning-up by the accretion of matter from low-
mass stellar companions, which can be acquired by
binary-exchange interactions. Quantitative analysis of
this process (i.e. [4], [3]) predicts the existence of
10 − 100 MSPs in individual, large globular clusters.
Surveys of globular clusters have discovered 140 radio
pulsars with spin periods in the range of a few to a
few tens of milliseconds in 26 globular clusters: e.g.
[5]. However these searches are at present completely
sensitivity limited, such that it is expected that only the
brightest pulsars have yet been observed and estimates
of the total pulsar population vary up to 104 [4].
Given a large, dense population of MSPs within a
globular cluster, two feasible mechanisms for detectable
emission of Very High Energy (VHE) gamma rays are :
1) The combined direct emission from particles ac-
celerated in the magnetospheres of individual pul-
sars [6].
2) Inverse Compton scattering of ambient stellar pho-
tons by particles accelerated in shocks formed by
colliding pulsar winds [7].
The gamma-ray spectra determined in [6] for MSPs,
using the polar cap emission model, suggest a curvature
radiation peak at ∼ 25 GeV next to an exponential
cutoff, effectively eliminating emission beyond 100 GeV.
An Inverse Compton (IC) component exists from the
scattering of thermal X-ray photons near the heated
polar caps, but this is strongly absorbed by the pulsar’s
magnetic field and, for an individual pulsar, remains
several orders of magnitude below the current sensitivity
of Imaging Air Cherenkov Telescopes (IACTs). Consid-
ering that the combined emission of a globular cluster’s
MSP population would reflect this overall pattern, this
emission mechanism disfavours detection by IACTs in
contrast to FGST.
The emission mechanism involving colliding pulsar
winds, as detailed in [7], relies on the IC scattering of
the intense optical photon field in the core of the globular
cluster by shock-accelerated electrons. It is stated in [7]
that because VHE gamma-ray emission in this scenario
is by the IC channel, the spectrum favours detection by
IACTs over detectors operating at a lower threshold, due
to the peaks of a number of the possible spectra being
placed in the 0.1 - 1 TeV range.
VERITAS has observed three globular clusters which
are reasonable candidates for these emission mecha-
nisms : M15, M13 and M5. Table I lists selected charac-
teristics of these objects: mV is the visible magnitude;
L is the total luminosity; Urad is the central radiation
density; RC is the core radius (see [1] for more details).
Each harbours a significant number of known pulsars,
has an intense central radiation field and all are expected
to have large stellar interaction rates.
Analysis results for these observations are presented
and upper limits for gamma-ray flux derived. Given the
variety of spectra which could be produced, according to
(and within) the specific models of emission considered
here, for simplicity a Crab Nebula-like spectrum (power
law with index -2.5) is assumed.
II. ANALYSIS & RESULTS
VERITAS is a gamma-ray observatory using the
imaging air Cherenkov technique [8]. It is situated in
Arizona, USA, and consists of four, 12-m Davies-Cotton
telescopes. It is currently the most sensitive IACT in
the Northern hemisphere; capable of detecting a source
with a flux of 10 milli-Crab in less than 50 hours of
observations.
Data used in this analysis were taken both during
VERITAS’s commissioning phase and subsequent full
operation.
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TABLE I
GLOBULAR CLUSTERS CONTAINING MILLISECOND PULSARS AND OBSERVED BY VERITAS.
Object # known pulsars Distance (kpc) mV L (103L⊙) Urad (eV/cm3) RC (pc)
M15 8 10.2 6.20 365 5035 0.21
M13 5 7 5.78 208 131 1.79
M5 5 7.3 5.65 260 463 0.85
TABLE II
COUNT RATES AND FLUX UPPER LIMITS FROM VERITAS DATA.
Object # Telescopes Exposure NON NOFF α Significance Flux Upper Limit (E > 600 GeV)
(min) (σ) (10−12 erg/s/cm2) (% Crab)
M15 2 393 10 61 0.25 -1.3 1.1 1.6
M13 3-4 397 12 87 0.10 1.0 1.5 2.2
M5 4 900 25 251 0.11 -0.3 0.4 0.6
To assure data quality, observation periods were re-
jected from the analysis if they exhibited a sub-nominal
trigger rate (for the appropriate elevation) and/or evi-
dence of clouds (in readings from a co-pointing FIR
pyrometer).
Images of extensive air showers are extracted from
the data by requiring that the charge in individual
pixels exceeds the pedestal variance due to night-sky
background photons by a certain ratio. In addition, the
images must pass quality cuts before being subject to
second-moment parametrization and subsequent stereo
reconstruction. Specifically, for this analysis, the image
quality cuts include the requirements that:
- an image must contain at least 4 contiguous pixels.
- less than 20% of an image’s total charge can come
from pixels at the edge of the camera.
- the total charge contained in an image must exceed
that equivalent to 100 photo-electrons.
After stereo reconstruction, further quality and
gamma/hadron separation cuts are applied.
The rate of gamma rays from the direction of the
target may then be determined. The ON region is defined
by θ2 < 0.015 deg2 (where θ is the angular separation
from the target) and the background rate is determined
using the reflected region model. The significance has
been calculated according to equation 17 of [9] and the
99% confidence-level upper limits presented here were
calculated using the method of Helene [10].
For the M13 and M5 data sets, taken since VERI-
TAS’s official first-light, effective areas were determined
from simulations appropriate to the complete detector
layout. The M15 data set was collected during the
commissioning phase, for which appropriate simulations
are not readily available : in this case the flux has been
calculated by scaling to contemporaneous data taken on
the Crab Nebula in the same elevation band. The analysis
results are shown in Table II.
III. DISCUSSION & CONCLUSIONS
No VHE gamma-ray emission was detected above 600
GeV from these three globular clusters.
Given that the mechanism of cumulative direct emis-
sion does not call for a significant flux above 600 GeV
TABLE III
PULSAR POPULATION LIMITS WITHIN THE COLLIDING-WINDS
MODEL CONSIDERING THE CALCULATED UPPER LIMITS.
Object Estimated Flux for Npη = 1 Pulsar Population Limit
(% Crab @ 1 TeV) for η = 0.01
M15 3.1 53
M13 6.2 36
M5 2.1 30
this result leaves it entirely posible that, for instance,
FGST will be able to detect emission from these objects
via this mechanism.
On the other hand, these limits do allow us to speak to
the assumptions of the colliding-winds model. Assuming
that the details of the colliding-winds shock fronts yield
a spectrum reasonably similar to the power law assumed
for these limits, we can estimate the number of pulsars
allowed by these limits in conjunction with the model.
In order to derive spectra for specific globular clusters
(M15 and M13), it is assumed in [7] that each cluster
contains a population of Np = 100 MSPs, each with an
electron acceleration efficiency of η =1% of the typical
spin-down luminosity and that the flux will scale as Npη.
Comparing the limits here to an estimate of the most
optimistic fluxes near 1 TeV from [7] we can simply
scale the pulsar population appropriately for M15 and
M13. For M5 we first have to estimate how it compares
to the predictions for M15 and M13. A conservative
assumption is that the flux for this mechanism scales
according to:
UradR
3
c
d2
where d is the distance of the globular cluster. Fur-
thermore, the characterisitics of M5 are more similar
to M13 than to M15; in particular M15 is a core-
collapse globular cluster, in a later stage of gravitational
evolution. Thus, the flux estimate for M5 is scaled to
that for M13. The limit on the pulsar population for
each globular cluster is indicated in Table III.
We can conclude that, within the context of the most
optimistic version of the colliding-winds mechanism as
depicted in [7], the pulsar population of these globular
clusters can be estimated as being within an order of
magnitude of the presently known pulsar content.
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